Genotypes at 91 microsatellite loci in three full-sib families were used to search for QTL affecting body weight (BW) and condition factor in North American Atlantic salmon (Salmo salar). More than one informative marker was identified on 16-18 linkage groups in each family, allowing at least one chromosomal interval to be analyzed per linkage group. Two significant QTL for BW on linkage groups AS-8 and AS-11, and four significant QTL for condition factor on linkage groups AS-2, AS-5, AS-11, and AS-14 were identified. QTL for both BW and condition factor were located on linkage groups AS-1, 6, 8, 11, and 14 when considering both significant and suggestive QTL effects. The largest QTL effects for BW (AS-8) and for condition factor (AS-14) accounted for 20.1 and 24.9% of the trait variation, respectively. Three of the QTL for BW occur on linkage groups where similar effects have been detected on the homologous regions in either rainbow trout (Oncorhynchus mykiss) or Arctic charr (Salvelinus alpinus). Heredity (2005) 94, 166-172.
Introduction
Species-specific linkage maps can be used to examine the genetic architecture of many fitness traits through quantitative trait analysis. Quantitative traits such as body size in salmonid fishes have a continuous phenotypic distribution and are controlled by chromosomal regions known as quantitative trait loci (QTL) (Mackay, 2001) . The effects of allele segregation at molecular markers throughout the genome can be used to determine the number and positions of QTL affecting a trait, and the magnitude of the QTL effect (Lynch and Walsh, 1998) . Linkage maps have been developed for several salmonid fishes, including rainbow trout (RT; Oncorhynchus mykiss) (Young et al, 1998; Sakamoto et al, 2000; Nichols et al, 2003) , Arctic charr (AC; Salvelinus alpinus) (Woram et al, 2004) , and Atlantic salmon (Salmo salar) (Gilbey et al, 2004; Moen et al, 2004) . Despite the extensive karyotypic rearrangements within the tetraploid salmonids (Hartley, 1987; Phillips and Rab, 2001) since their evolution from a diploid ancestor 25-100 MYA (Allendorf and Thorgaard, 1984) , microsatellite markers have been able to identify chromosomal regions that are homologous across species (Woram et al, 2003) .
Comparison of homologous regions among species and recombination rate between common markers has identified several putative inter-specific fusions, inversions, and translocations (Woram et al, 2004) . These homologous regions do not always span entire linkage groups in that many linkage groups show homologies to multiple linkage groups in the other salmonid species. The linkage groups of Atlantic salmon are expected to show a higher occurrence of multiple homologies relative to other species because it has a lower diploid chromosome number and chromosome arm number than most salmonids (Phillips and Rab, 2001) .
QTL studies in RT and AC have revealed a great deal about the genetic architecture of body size (Robison et al, 2001 ) and its association with other traits such as age at maturation (Martyniuk et al, 2003) . For example, O 'Malley et al (2003) detected three QTL for body weight (BW) in backcross RT females at 2 years of age plus four suggestive QTL for this trait. As well, Martyniuk et al (2003) showed that QTL for precocious maturation mapped to similar regions to those for body size in one strain of RT. This covariation in QTL location may partially explain the observed phenotypic correlations observed between body size and precocious maturation in salmonid fishes (Wilson et al, 2003) . Finally, comparative mapping with AC and RT has shown that some body size QTL are conserved across species (Somorjai et al, 2003) .
We searched for QTL affecting BW and condition factor in three full-sib families of North American Atlantic salmon by searching for associations among variation at 91 microsatellite loci located on 16 linkage groups (Reid, 2003) and the BW or condition factor of 1-year-old fish. A comparison of homologous regions in the Atlantic salmon, RT, and AC linkage maps was used to determine the degree of conservation of body size QTL among species.
Materials and methods
Genotypic and phenotypic data Genotypic data for 91 microsatellite loci (Appendix 1; appendix available at: www.uoguelph.ca/~rdanzman/ appendices/) in three full-sib families (designated family 192, family 168, and family 151) of Atlantic salmon were used. The products from an additional 67 loci were uninformative (no amplification product or lack of polymorphism). The progeny came from parents spawned in 1998 as part of the Atlantic Salmon Broodstock Development Program, in Chamcook, New Brunswick. All families in the program are presumed to originate from the St. John River, New Brunswick. The male and female parents were designated according to the family identification number (ie, 192 dam and 192 sire) . More than one informative marker was identified on 11-14 linkage groups in each family, allowing at least one interval in those linkage groups to be analyzed in the QTL analysis, while single-marker analyses were conducted for unlinked markers (ie in the three test families) with known linkage group affinities (unpublished results). Fork length (FL) in cm and BW in g were measured in 46 progenies from each of the three families. Fulton's condition factor (K), a measure of a fish's girth, was calculated as (100 Â BW Á FL
À3
) (Rikardsen and Elliot, 2000) . Sampling methods precluded the sexing of the progeny. Instead, paternal allelic segregation at Ssa202DU was used to divide the progeny into two sex types. Ssa202DU is tightly linked to the sex-determining locus (approx. 4 cM) on the Atlantic salmon linkage map (Woram et al, 2003) and paternal allelic segregation at Ssa202DU was assumed to result in a reasonable estimation of progeny sex type. Using allelic segregation at a sex-linked marker cannot identify males versus females, but puts fish into two categories that correspond to different sexes. The two sex types did not differ in BW or condition factor except in family 192 (P ¼ 0.021). Given the minor effects detected, the QTL analyses were performed on the entire family sample.
QTL detection
Phase-corrected genotypes using linkage group marker orders were established using LINKMFEX and GENO-VECT (Danzmann, 2001) prior to QTL analysis. QTL effects were tested for the segregating alleles from the sires and dams separately for each interval or marker.
Shapiro-Wilkins and Kolmogorov-Smirnov tests for normality found no deviation from a standard normal distribution for BW or FL in any family (data not shown).
Initially, QTL were detected within each linkage group separately using interval mapping (IM) with MultiQTL v.1.1 (Korol, 2001) . A reduced model that assumed equal trait variance between genotypic classes was compared to a second model (general model) that assumed unequal variance between genotypic classes. The general model was accepted only if the LOD values generated by each model were significantly different. A linkage group-wide permutation test (1000 replicates) determined the significance of the maximum LOD value over the various intervals analyzed for each linkage group. Multiple IM (MIM) (implemented within MultiQTL) was then used to reduce the background genetic noise and the influence of other QTLs from other chromosomes. Although the results of both analyses are reported in tabular form for completeness, the results from the MIM analysis are used in the textual reporting and discussion of the results.
The results of O'Malley et al (2003) showed that the permutation test from interval analysis (above) was much more conservative than a single-marker analysis on identical data sets. O'Malley et al (2003) found that a P-value of 0.01 from the interval analysis permutation test was equivalent to a P-value of 0.001 from a singlemarker analysis and would pass a Bonferroni correction for multiple tests. Thus, we considered a P-value p0.01 from the interval analysis permutation test as significant and P-values between 0.01 and 0.05 as suggestive of a QTL effect.
A single-point analysis was performed for all unlinked markers using the individual marker option in MultiQTL. The number of unlinked markers ranged from 4 to 14 in any mapping parent and allele segregation at each marker was tested for significant association with phenotypic variation in BW and/or K. As stated above, the P-values obtained in a single-marker analysis are less conservative than those obtained in the interval analysis. As a result, a P-value of 0.001 was considered significant when analyzing single markers.
Results
Significant or suggestive BW QTL were detected on eight linkage groups (AS-1, AS-6, AS-8, AS-10, AS-11, AS-14, AS-17, AS-28) based on five of the six parents analyzed (Figure 1 ; Table 1) . A significant QTL, accounting for 20.1% of the variation in BW, was identified on AS-8 (Ssa401UoS) using the progeny of dam 151. A QTL with relatively strong effect was found on AS-11; Ssa417UoS alleles segregating from two sires (sires 151 and 192) accounted for either 12.4 or 11.7% of the proportion of experimental variation (PEV) in BW. Sire 151 also showed effects on AS-1. Evidence for a suggestive QTL influencing BW on AS-10 was evident with dam 151 following MIM analysis. However, dam 192 showed a marginal QTL effect on AS-10 (P ¼ 0.053; PEV ¼ 0.123) using IM supporting the results obtained with dam 151 (marginal data not shown).
Significant QTL for condition factor were detected on AS-14 (dam 192; 24.9% of the variation), AS-11 (dam 151; 16.9%), AS-5 (dam 151; 17.6%), and AS-2 (dam 168; 17.6%) ( Table 2 ). Suggestive QTL effects for condition factor were found on AS-1 (sire 192; 11.9% of the Comparative QTL analysis in salmonid fishes DP Reid et al variation), AS-4 (sire 168; 14.0%), AS-6 (sire 151; 14.2%), AS-7 (dam 168; 15.4% from interval analysis), and 8.0%) . Although an interval QTL detection method was used in all these analyses, the most significant and suggestive QTL effects for both traits showed zero recombination with one of the two microsatellite markers flanking the interval. The only exceptions were on AS-4 and AS-6 for K (Table 2) , where the peak LOD score was located within the interval. All the four markers shown in AS-11 for BW QTL in sire 192 (Table 1) 
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AS-1m(Fam168) AS-1m(Fam151) Figure 1 Comparative analysis of linkage groups that show QTL for BW in AS, RT, and AC. Fulton's condition factor (K) QTL are also indicated on the Atlantic salmon linkage groups that possess cross homologies to RT and AC linkage groups. QTL for BW and K detected in Atlantic salmon from this study are indicated in parentheses and in bold. Atlantic salmon maps are combined across mapping parents (f ¼ female and m ¼ male) unless indicated by a single-family designation. Please note: The assignment of marker BHMS313A to AS-8 is based upon data presented in Moen et al (2004) . Homologous affinities among linkage groups are depicted using the RT linkage map as a template (Danzmann et al, unpublished data) using a single mapping family (Lot25 or Lot44) or the combined map from both mapping panels. All homologous linkage groups are displayed on the same panels highlighting homologies to AS-1 (panel 1a), AS-8 (panel 1b), and AS-11 (panel 1c). Homologous markers that join the maps across species are underlined. QTL discussed in the text for RT are from Martyniuk et al (2003) and O'Malley et al (2003) , and those for AC are from Somorjai (2001) . The graphical figure was created using MAPCHART version 2.1 (Voorrips, 2002) , using map information generated with LINKMFEX version 1.9 modules (Danzmann, 2001 ).
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Discussion
We have located significant and suggestive QTL for the BW and condition factor (K) of 1-year-old Atlantic salmon. Further, the mapping of QTL to four pairs of homeologous segments (AS-4/8, AS-4/10, AS-4/11, and AS-5/8) (Reid, 2003) provides some evidence that ancestrally duplicated chromosomes may retain similar gene function. Some of the QTL accounted for a large proportion (420%) of the phenotypic variation for either trait and suggests that a large proportion of the quantitative variation for BW and condition factor in Atlantic salmon is controlled by a few QTL with relatively large effect. This result is in keeping with previous studies with RT and AC (Martyniuk et Allelic substitution effect in grams.
c PEV ¼ the proportion of experimental variation in BW, accounted for by allele segregation at the specified marker or marker intervals.
Comparative QTL analysis in salmonid fishes DP Reid et al statistical analyses used are biased towards detecting QTL with larger effect (Mackay, 2001) . This results in an underestimation of the total number of genes affecting a trait. Further study including increasing marker density in the North American Atlantic salmon linkage map and additional QTL analysis with more families will allow for a more detailed study to determine the true number and magnitudes of effect of QTL affecting BW and K. The detection of BW and K QTL on the same linkage groups (ie AS-1, AS-6, AS-8, AS-11, and AS-14) can be explained by either the linkage of two QTL (one for each trait), or the presence of a single QTL on each linkage group with pleiotropic effects. Previous studies have found that the genetic correlation between BW and condition factor is low at least in RT (Fishback et al, 2002) . This suggests that the two traits have some degree of independence in genetic control and that different sets of genes might be involved. However, distinguishing between a single gene versus a gene cluster with individual QTL is difficult, given the linkage map density used in this study. The hypothesis of a single QTL with pleiotropic effects could be supported if the effects were localized to an interval with a high density of markers in a female parent. Unfortunately, one or both of the QTL effects were detected in a male parent in all the linkage groups where both BW and K QTL effects were observed, with the exception of AS-8. Since males show greatly reduced recombination rates compared to females (Johnson et al, 1987; Sakamoto et al, 2000) , it is difficult to localize QTL positions based upon male genetic maps. On AS-8, however, the QTL for BW was localized to marker Ssa401UoS, while the QTL for K was localized to marker BHMS313A, which are unlinked on the female map (but are linked in the male map). This lack of linkage coupled with the detection of effects in female parents suggests that separate QTL for BW and K might exist on linkage group AS-8.
Three of the significant QTL for BW identified in Atlantic salmon that occur on linkage groups AS-1, AS-8, and AS-11 may be homologous to BW QTL regions in RT and AC (Somorjai, 2001; Martyniuk et al, 2003; O'Malley et al, 2003) . AS-1 shows homology to a pair of RT chromosomes (RT-27 and RT-31) that represent ancestral homeologues (Woram et al, 2003) . There is strong support for the existence of a BW QTL on linkage group RT-31 ( Figure 1a) . AS-1 shares three markers with RT-27 (OmyFGT8TUF, One18ASC, and One102ADFG) and four markers (OmyFGT8TUF, Str4INRA, One18ASC, and One102ADFG) with RT-31 (Woram et al, 2003) . The QTL for BW identified in RT (OmyRGT1TUF) (Martyniuk et al, 2003) is only localized within the male map, making it difficult to ascertain the exact position of the QTL. In male mapping parents, this marker maps with either zero recombination or within 3 cM with the markers on RT-31 (Sakamoto et al, 2000) . Since the BW QTL in Atlantic salmon on AS-1 was also localized within the male map, we cannot directly compare homologies between the two species.
The BW QTL with the greatest effect in Atlantic salmon was detected in a region of AS-8 that shows homology to RT and AC linkage groups RT-24 and AC-13, respectively (Somorjai, 2001; O'Malley et al, 2003) . Unfortunately, the QTL regions in these studies were localized in the male mapping parent, making it difficult to ascertain the exact chromosomal location of the QTL region, for reasons discussed previously. A single marker, Ssa85DU, analyzed by Somorjai (2001) (present in the central region of RT-24 and on AC-13) (see Figure 1b for inferred homologies), demonstrated a significant BW QTL effect in an AC male mapping parent. Due to the limited density of markers on the AC linkage map (Woram et al, 2004) , homologous associations between Atlantic salmon and AC must be inferred from the similarities that each species has with RT. In comparisons with the RT map, it appears that the region of RT-24 containing Ssa85DU is homologous to AS-18 and not AS-8. However, the localization of the QTL position in AC remains imprecise since the effect was detected in a male mapping parent. Nonetheless, the data suggest that more than one BW QTL region resides within RT-24. Interestingly, homeologous affinities between AC-13 and AC-14 have been detected in AC (Woram et al, 2004) , suggesting that RT-24 may also contain homeologous genome segments.
Of particular note is the apparent conservation of the strongest BW QTL in both Atlantic salmon and RT in similar chromosomal segments. The region of linkage group AS-8, where we detected the QTL (explaining 20% Allelic substitution effect for K.
c PEV ¼ The proportion of experimental variation in K, accounted for by allele segregation at the specified microsatellite locus.
Comparative QTL analysis in salmonid fishes DP Reid et al of the variation in BW), appears to be syntenic with RT-23/24 (RT-23/24 are putative homeologous chromosome pairs in RT) (Sakamoto et al, 2000; Nichols et al, 2003) . AS-8 shares homology to both RT-21 and 24. However, the region of AS-8 showing the BW QTL effect (ie marker Ssa401UoS) maps adjacent to marker OMM1097, and this latter marker localizes the QTL region to a homologous segment of RT-23/24. Additional research with our RT mapping panel has localized the strongest BW QTL in this species (explaining 34% of the variance in the trait) to the central region of male linkage group RT-24 (O'Malley et al, 2003) . The chromosomal segment on AS-11, where a BW QTL was detected (marked by OmyRGT32TUF), appears to be homologous to a segment of RT-13 and AC-19 where BW QTL have also been detected (Somorjai, 2001; O'Malley et al, 2003) (Figure 1c ). Variation in BW was associated with allele segregation at OmyRGT14TUF, OmyRGT47-TUF, and OmyRGT51TUF on RT-13 in RT (Martyniuk et al, 2003) . Unfortunately, the low density of markers on AC-19 does not allow us to relate these regions directly, but the presence of a marginal QTL effect on BW with OmyRGT46TUF on AC-19 in a male AC parent (Somorjai, 2001) does support the contention that at least one of these regions is conserved in AC.
We cannot exclude the possibility that the BW QTL region detected on AS-11 is homologous to RT and AC linkage groups RT-9 and AC-20, respectively. Regions of RT-13 and RT-9 share homeology with one another in RT (Sakamoto et al, 2000) and this homeologous synteny is supported by the fact that markers showing homology to both RT-9 (marker BHMS184A) and RT-13 (marker OmyRGT32TUF) occur on AS-11. In addition, marker BHMS211, which maps to AS-11, is located on RT linkage group RT-2, and RT-2 and RT-9 share homeologous affinities. Marker BHMS184A maps proximally to growth hormone ( Figure 1c ) and BW QTL effects have been detected with markers mapping proximally to growth hormone on RT-9 (Martyniuk et al, 2003) , suggesting a possible influence of this gene on the observed phenotypic distributions.
This study has identified chromosomal regions that appear to show conserved QTL effects on BW in three genera of salmonid fishes (Salmo, Oncorhynchus, and Salvelinus). Three of eight linkage groups examined showed evidence for conserved effects between Atlantic salmon and RT, while two regions may be conserved between Atlantic salmon and AC. Markers on AS-6, AS-10, AS-14, AS-17, and AS-28 did not appear to share homologous BW QTL with RT or AC. It is important to note, however, that homologies among linkage groups among these species are largely unknown and, therefore, future research will likely identify additional interspecific homologies for growth QTL corresponding to these Atlantic salmon linkage groups. The detection of a greater number of conserved QTL effects in comparisons between Atlantic salmon and RT than with AC can probably be attributed to the greater marker density in the former two species.
